This study presents the development of ultra-performance liquid chromatography (UPLC) mass spectrometry (MS) combined with electrochemistry (EC) for the first time and its application for the structural analysis of proteins/peptides that contain disulfide bonds. In our approach, a protein/peptide mixture sample undergoes a fast UPLC separation and subsequent electrochemical reduction in an electrochemical flow cell followed by online MS and tandem mass spectrometry (MS/MS) analyses. The electrochemical cell is coupled to the mass spectrometer using our recently developed desorption electrospray ionization (DESI) interface. Using this UPLC/EC/DESI-MS method, peptides that contain disulfide bonds can be differentiated from those without disulfide bonds, as the former are electroactive and reducible. MS/MS analysis of the disulfide-reduced peptide ions provides increased information on the sequence and disulfidelinkage pattern. In a reactive DESI-MS detection experiment in which a supercharging reagent was used to dope the DESI spray solvent, increased charging was obtained for the UPLC-separated proteins. Strikingly, upon online electrolytic reduction, supercharged proteins (e.g., a-lactalbumin) showed even higher charging, which will be useful in top-down protein structure MS analysis as increased charges are known to promote protein ion dissociation. Also, the separation speed and sensitivity are enhanced by approximately 1~2 orders of magnitude by using UPLC for the liquid chromatography (LC)/EC/MS platform, in comparison to the previously used high-performance liquid chromatography (HPLC). This UPLC/EC/DESI-MS method combines the power of fast UPLC separation, fast electrochemical conversion, and online MS structural analysis for a potentially valuable tool for proteomics research and bioanalysis.
Introduction
Liquid chromatography/mass spectrometry (LC/MS) has become one of the most powerful techniques for the analysis of biomolecules and pharmaceuticals, [1] [2] [3] which combines the separation capability of LC with the mass-analysis power of MS. The combination with electrochemistry (EC) further broadens LC/MS applications. [4] [5] [6] Previous studies showed that post-column electrochemical conversion in LC/MS can be used to increase the MS detection sensitivity of the target compounds. In such an experiment, an electrochemical flow cell is placed between the LC and MS to convert the LC-separated compounds into more polar or even charged products, which are suitable for MS detection with increased ionization efficiency. For instance, Karst et al. employed ferrocenoyl piperazide to derivatize isocyanate analytes. 7 After derivatization , charged ferrocinium ions could be generated via electrochemical oxidation of the derivatized analytes, which were easily detected by MS. Compared with the approach without electrochemical conversion, the detection sensitivity was increased by a factor of 50. 7 Similar sensitivity enhancement was observed for analytes, such as phenothiazines and nonpolar polycyclic aromatic hydrocarbons (PAHs), that could be electrochemically converted into radical cations for MS detection. 8, 9 However, in such an LC/EC/MS experiment, atmospheric pressure chemical ionization (APCI) rather than electrospray ionization (ESI) was used in most cases. The drawback of APCI is that polar compounds cannot be ionized very well with APCI. In addition, the LC separation employing high performance liquid chromatography (HPLC) was timeconsuming. In particular, the mobile phase flow rate adopted was limited to 200-600 µL min -1 to be compatible with the use of the electrochemical cell (a low electrochemical conversion yield would result from a higher flow rate), 9, 10 thus making fast elution difficult.
Ultra-performance liquid chromatography (UPLC) is a significant advance in the field of chromatography. With the packing particle diameter size reduced to less than 2.0 µm, the separation efficiency of UPLC is significantly improved and the separation time is typically shortened by 10 times in comparison to conventional HPLC. 11, 12 Importantly, UPLC does not require a high elution-flow rate to achieve fast separation, 13 thus making it a better fit for LC/EC/MS experiments than HPLC. However, UPLC has not been implemented for LC/ EC/MS to date.
In this study, we report the development of LC/EC/MS using UPLC for the first time. In addition, we adopted a liquid sample desorption electrospray ionization (DESI) 14, 15 as the interface to couple the electrochemical cell with a mass spectrometer [ Figure 1 (a)]. Unlike APCI, liquid sample DESI is a soft ionization method that can be used to ionize large proteins and protein complexes. [16] [17] [18] [19] [20] [21] In addition, there are several additional advantages of using DESI in this study. 22 First, the use of DESI simplifies the coupling apparatus, as there is no need to separate the small potential applied to the electrochemical cell from the high voltage used for spray ionization. Second, the cell and DESI source can be connected with a very short piece of capillary as a conduit, thus minimizing the postcolumn dead volume in this LC/EC/MS apparatus (a small post-column dead volume is essential for maintaining UPLC separation efficiency). Third, taking advantage of the flexibility of DESI for different spray solvents, reactive DESI can be directly performed in the coupling of UPLC/EC/DESI-MS with post-column derivatization (e.g., to supercharge proteins in this study). Using the new apparatus, we demonstrated the application of LC/EC/MS for protein/peptide structural analysis. For protein/peptide enzymatic digests, disulfide bond-containing peptides can be differentiated from those without disulfide bonds as the former are electroactive and electrochemically reducible. Tandem MS (MS/MS) analysis of the reduced peptide ions provides increased sequence information and for pinpointing disulfide bond linkages. With reactive DESI-MS experiments using spray solvents doped with supercharging reagents, an increased charging was observed for the UPLC-separated proteins.
Experimental Chemicals
Somatostatin 1-14 was purchased from American Peptide Company (Sunnyvale, CA). TPCK-treated trypsin from bovine pancreas, pepsin from porcine gastric mucosa, insulin from bovine pancreas, a-lactalbumin from bovine milk (type III, calcium depleted), formic acid (FA) and HPLC-grade acetonitrile (ACN) were all purchased from Sigma-Aldrich (St. Louis, MO). HPLC-grade methanol was obtained from Fisher Scientific (Fairlawn, NJ) and deionized water used for sample preparation was obtained using a Nanopure Diamond Barnstead purification system (Barnstead International, Dubuque, IA).
Apparatus
A Waters ACQUITY UPLC System with a Waters Xevo QTOF mass spectrometer (Milford, MA) was used. Our LC/EC/MS assembly employs a thin-layer µ-PrepCell electrochemical flow cell equipped with a magic diamond electrode as the working electrode (WE) [ Figure 1 (a)]. A platinum electrode and a titanium electrode served as the reference electrode and auxiliary electrode, respectively. The cell was connected to the UPLC column using a piece of PEEK connection tubing (i.d. 200 µm; length, 25 cm). An ACQUITY UPLC BEH C 18 column (1.7 µm, 2.1 mm × 50 mm) and an ACQUITY UPLC Protein BEH C 4 column (1.7 µm, 2.1 mm × 50 mm) were employed for peptide and protein separation, respectively. The mobile-phase flow rate used was 200 to 300 µL min -1 . After UPLC separation, compounds in the eluent underwent an electrochemical reduction in the electrochemical cell. The electrolyzed species flowed out of the thin-layer cell via a short PEEK tube (i.d., 510 µm; wall thickness, 530 µm; length, 3 cm) carrying a micro-orifice (i.d., 100 µm) that was located in the tube 2 cm downstream from the LC column. Approximately one-third of the eluent emerged out of the micro-orifice, which was then subject to DESI ionization. Such a DESI interface for the LC/MS study was recently reported, in which the eluent splitting can be realized using the micro-orifice on the PEEK tube without introducing a large post-column dead volume. 14, 15 Unless specified, the spray solvent for DESI was CH 3 OH/H 2 O/HOAc (50 : 50 : 1 by volume) and flowed at 10 µL min -1 . A 5 kV potential was applied to the spray solvent with N 2 nebulization [160 psi (11 bar) ]. The microdroplets from the DESI spray interacted with the eluent flowing out of the micro-orifice to effect eluent ionization. A Roxy potentiostat (Antec BV, Netherlands) was used to apply a potential (pulsed mode, E 1 = -2.0 V for 1990 ms, E 2 = -1.5 V for 1010 ms, and E 3 = 0 V for 20 ms) to the electrochemical flow cell to trigger redox conversion.
LC separation conditions
Somatostatin 1-14 was trypsin digested in 25 mM ammonium bicarbonate at a molar ratio of 1 : 25 (enzyme/protein) for 12 hours at 37°C. The digest products were separated using a gradient elution: solvent A was 0.1% FA in H 2 O, and solvent B was 0.1% FA in ACN; 10% B was ramped to 40% in three minutes. The mobile phase flow rate was 300 µL min -1 .
The pepsin digestion of insulin was performed by incubating insulin and pepsin at a molar ratio of 25 : 1 in water containing 1% acetic acid at 37° for 12 hours. The digested insulin was diluted to 20 µM with water containing 0.1% FA and 6 µL of the sample was injected into the UPLC system using an autosampler. Solvent A was 0.1% FA in H 2 O, and solvent B was 0.1% FA in ACN. Peptides were eluted by using a five minute linear elution from 5% B to 7% B, and from 7% B to 15% B in 1 min, and then from 15% B to 30% B in 10 minutes. The flow rate of the mobile phase was 300 µL min -1 .
For the protein mixture separation, 6 µL of a protein mixture of insulin, myoglobin, and a-lactalbumin (20 µM each) was loaded onto the UPLC C 4 column with an elution flow rate of 200 µL min -1 . For the LC gradient program, solvent A was 0.1% FA in H 2 O, and solvent B was 0.1% FA in ACN; 28% B was ramped to 32% B in three minutes, and then increased to 45% in three minutes.
Results and discussion
The configuration of the UPLC/EC/DESI-MS apparatus is shown in Figure 1 (a). In this study, we focused on its application for the structural analysis of proteins/peptides that contain disulfide bonds, taking advantage of the platform's capability for fast separation, online electroreduction, and MS detection.
Disulfide bonds are one of the most common protein posttranslational modifications, and provide reversible covalent cross-linkages in native proteins that maintain protein threedimensional structures and their biological activities. 23, 24 However, the presence of disulfide linkages increases the complexity of protein-structure determination by MS. The cleavage of disulfide bonds is often essential for protein/ peptide analysis, as dissociation of a disulfide-reduced protein/ peptide ion can give rise to more structurally informative fragment ions than that of the intact counterpart. 23, 24 The traditional protocol to break a disulfide bond is chemical reduction using an excess amount of reducing chemical reagents, like dithiothreitol or tris(2-carboxyethyl)phosphine. However, the reduction usually takes more than 30 minutes and the removal of the excess reductant can be time-consuming. In addition, the resulting protein/peptide thiols often need to be protected because of the possibility of being re-oxidized prior to MS analysis. Besides chemical reduction, other novel approaches include the cleavage of disulfide bonds via laser-based ionization, [25] [26] [27] [28] ultraviolet photodissociation, [29] [30] [31] negative ion dissociation, [32] [33] [34] [35] electron-capture dissociation, 36 electron-transfer dissociation, 37-41 plasma-induced oxidation, 42 or using new ion chemistry. [43] [44] [45] [46] [47] [48] [49] An alternative way to reduce disulfide bonds without involving chemical reductants is electrolytic reduction, which is fast and does not need chemical reductants. 50, 51 It will be useful if the electrochemical conversion of disulfide bonds can be performed during the LC/MS or LC/MS/MS analysis of proteins and peptides, which is commonly used in the bottomup approach for protein/peptide structure determination in proteomics research.
In this study, disulfide-containing peptide somatostatin 1-14 [molecular weight (MW) 1637.9 Da] was first chosen as a test sample for UPLC/EC/DESI-MS analysis. Somatostatin 1-14 was digested by trypsin to produce a peptide mixture, AGCK TFTSC and NFFWK. In our experiment, 6 µL of the digest mixture (20 µM) was loaded onto the UPLC. As displayed in Figure 1 (b), the two peptides eluted at 1.20 and 2.08 min, respectively. Figure 1 Figure S1 (a), Supporting Information]. In contrast, CID of the electrogenerated ions provided more fragment ions that cover all of the backbone cleavage sites. As shown in Figure S1 is higher than that of the precursor peptide (932.4 Da) by 2.0 Da, suggesting that the precursor peptide AGCK TFTSC has one disulfide bond. Furthermore, the result shown above is also helpful for pinpointing the disulfide bond linkage between the third residue of one chain, AGCK, with the fifth residue of the other chain, TFTSC. Interestingly, the protonated peptide NFFWK that contains no disulfide bonds remained unchanged once the potential was applied ( Figure S2 , Supporting Information). This suggests that UPLC/EC/DESI could be used to differentiate peptides containing disulfide bonds from others, which is in agreement with our previous report. 52 Previously, the somatostatin 1-14 digest was analyzed by LC/EC/MS using HPLC. In that experiment, the retention times for AGCK TFTSC and NFFWK were 15.5 minutes and 17.5 minutes, respectively, much longer than those observed in this study. Furthermore, 5 µL of 2.4 mM tryptic-digested somatostatin 1-14 was loaded into a high-performance liquid chromatography to obtain a reasonably good signal. By comparison, this UPLC/EC/MS method shortened the separation time by about nine times and improved the sensitivity by about 100 times (12 nmol somatostatin 1-14 digest used for HPLC separation in the previous study versus 0.12 nmol somatostatin 1-14 digest used for UPLC separation in this study). 52 After the successful trial with the somatostatin 1-14 digest, we further tested the method for the analysis of a pepsin digest, and bovine pancreatic insulin was chosen as the test sample. Insulin is composed of A and B chains linked by two interpeptide disulfide bonds, and the A chain has an additional intrapeptide disulfide bond. As shown in the acquired extracted ion chromatograms (EICs, Figure 2 ), the peptides were well separated within 15 minutes. The obtained MS spectra ( Figure S3 Comparing the mass spectra of these six peptides before and after the cell was turned on, no new peaks were observed ( Figure S3 , Supporting Information), indicating that these are peptides without disulfide bonds. MS/MS analyses of these peptide ions ( Figure S4 , Supporting Information) provide the sequence information for all of these peptides except GIVE, in which the first and second peptide bond cleavages were missing. For the additional four peptides that eluted later (denoted as P1, P2, P3, and P4, Figure 2) , new peaks were observed when the cell was turned on [see the example shown in Figure 3 (a) and (b)], indicating that they carry disulfide bonds. As the UPLC separation was used prior to electroreduction, these new peptide ions will correspond to the reduced products of the UPLC-separated precursor peptides. Importantly, MS/MS analysis of the reduced peptides provides useful information for the sequencing and disulfide bond mapping of the precursor peptide. For instance, as shown in Figure 3(b) , in the case of P3, the sum of the MWs of the two reduced products GIVEQCCASVCSL and HLCGSHL (2075.9 Da, calculated from the measured m/z of the corresponding product ions) is higher than that of P3 (2071.9 Da) by 4.0 Da, suggesting that the precursor peptide P3 has two disulfide bonds. The singly charged ion of chain B generated from electrolysis (m/z 766) gave rise to fragment ions b 2 , b 3 , b 4 , b 5 , b 6 , y 2 , y 3 , y4, y 5 , and y 6 upon CID [ Figure 3 Figure 3(d) ], suggesting that the chain A sequence is XXXEQCCASVCSL (X means the first three amino acids are unknown). However all three cysteine residues of chain A are known to be located at the sixth, seventh, and 11th amino acid sites. Thus, there are three possible disulfide bond linkages for P3 (chain B's sole cysteine residue links with one of the three cysteine residues of chain A). Interestingly, upon CID, the doubly charged P3 ion [m/z 1037, Figure 3 Figure 3 (c) shows that the third residue of chain A is valine. Thus, chain A can be determined as XXVEQCCASVCSL. These results show that both the locations of disulfide bonds and most of the P3 sequence can be determined using the information acquired from this UPLC/EC/DESI-MS method. Likewise, two additional peptides, P1 and P4, were generated because of the low digestion specificity of pepsin used in the experiment. Their structures (shown in Figure 2 ) are similar to that of P3 and can be determined by MS/MS analysis (data not discussed here). The fragmentation patterns of P1 and P4 ions also agree with the disulfide bond assignment for P3 ( Figure  S5 , Supporting Information).
However, in the case of P2, one of its reduced products (i.e., the A chain) was missing in the acquired DESI-MS spectrum [ Figure S6 (a) and (b), Supporting information] and only the B chain LVCGERGFF was detected. The reason for that is probably the lack of the basic amino acid residues in chain A, which causes a low ionization efficiency. A similar phenomenon of a missing chain A in the spectra of reduced insulin has been reported before. 53 Nevertheless, regardless of the missing chain A, the sequence for P2 and its disulfide bond location could be still inferred based on examination of the MS/MS data and the MW analysis. The CID of doubly charged P2 m/z 769 [ Figure S6 Figure S6 (d), Supporting information], and its fragment ions of b 2 , b 3 , b 6 , b 7 , y 1 , y 4 , y 5 , y 6 , y 7 and y 8 suggest the chain B sequence to be LVCGERGFF. First, we assumed that P2 only has one disulfide bond. In this case, according to the MWs of P2 and chain B, the MW of chain A is calculated to be 512.1 Da. For sequencing chain A, the first two amino acids of A can be determined as asparagine and tyrosine, based on the MW of the A chain and the fragment ions B/A(y 2 ) and B/A(y 3 ) generated Figure S6 (c) (Supporting Information) further suggests that the last two amino acid residues of A are cysteine (modified with chain B) and asparagine residues. Thus the chain A sequence is determined as NYCN. In the P2 peptide, chains A and B should be connected with one inter-peptide disulfide bond (i.e., the Cys 3 of chain A links with the Cys 3 of chain B in P2), which is in agreement with our assumption above. This result reveals that the sequence of P2 can also be determined. Note that another peak of m/z 815 was observed after the cell was turned on [ Figure S6 Thus, based on the structural analyses of the digested peptide, it can be seen that UPLC/EC/DESI-MS with MS/MS analysis could obtain rich information for insulin sequencing (98% coverage) and determination of the disulfide bond location (i.e., all three disulfide bonds can be located).
Besides investigating the utility in the analysis of protein digests using our UPLC/EC/DESI-MS method, intact proteins were also tested. One aim was to determine if UPLC/EC/ DESI-MS can be used to identify the presence of disulfide bonds in proteins. Another purpose is to test if higher charging of protein ions with online electroreduction combined with online supercharging can be obtained. From previous work, electrochemical reduction can remove disulfide bond bridges with increased charges observed, probably because of protein unfolding upon disulfide bond removal. [54] [55] [56] Also, it is well known that supercharging reagents can be used to increase ion charges. [57] [58] [59] It will be interesting to see if both supercharging and disulfide reduction could further increase protein charging. One of the benefits of DESI is that post-column derivatization of separated analytes can be accomplished via a "reactive" DESI approach in which a chosen chemical reagent is doped into the DESI spray solvent and the reaction process occurs during the ionization process. 53, 60 This is in contrast to traditional derivatization protocols used for LC/ESI-MS coupling, in which a Tee mixer is used to introduce the derivatizing reagent and thus increases post-column dead volume.
In this study, we extended this application to supercharge proteins following UPLC separation and electrochemical reduction. The charge-state distributions of protein ions will shift to higher charges with the appearance of a new population, which could indicate a protein conformational change that occurs because of disulfide reduction. 53, 55, 56 A mixture of insulin (containing two inter-peptide and one intra-peptide disulfide bond), myoglobin (containing no disulfide bonds), and a-lactalbumin (containing four disulfide bonds) was chosen as a test example for this experiment. The three proteins were separated within 5.5 minutes [ Figure 4(a) ]. For insulin, comparing the mass spectra recorded before and after adding the supercharging reagent m-nitrobenzyl alcohol (m-NBA) (50 mM) into the DESI spray, the maximum charge state shifted from +5 to +6 [Figures S7a(a) and S7(b),
Supporting information]. It is known that insulin has three disulfide bonds, as mentioned above. When the potential was applied the cell, two new peaks at m/z 851 and m/z 1134, corresponding to the +4 and +3 charge states of chain B, respectively, could be observed [ Figure S7 (c), Supporting information], indicating the presence of disulfide bonds. The missing A chain ions in the spectrum may again result from the lack of sufficient numbers of basic amino acid residues in chain A. For 16.9 kDa myoglobin, as shown in Figure 4(b) , when the DESI spray was doped with supercharging reagent m-NBA (50 mM), the maximum charge state of myoglobin shifted from +22 to +24, the average charge state increased from +15.1 to +18.9, and the highest abundance ion was shifted from +18 to +20. However, as there are no disulfide bonds in myoglobin, the mass spectra before and after turning on the cell potential had no obvious differences [shown in Figure 4(b) ]. For the protein a-lactalbumin, which has 123 amino acid residues and contains four disulfide cross-links to maintain and stabilize its structure, the maximum charge state shifted from +11 to +14 upon applying the supercharging reagent [ Figure 4(c) ]. Once the EC potential was applied, interestingly, a newly produced +15 ion appeared. Compared to the mass spectra of a-lactalbumin before and after the cell was turned on with concurrent supercharging [ Figure 4 (c)], the maximum charge state of a-lactalbumin further shifted from +14 to +15 and the average charge state increased from +9.9 to +11.2. Strikingly, the ion with the highest abundance was shifted from +8 to +12 when the cell was turned on. It is likely that the reduction of disulfide bonds causes the protein to unfold. Unfolded proteins have a greater capability to carry larger number of charges on their surfaces than that of folded proteins. 53, 61 This result shows the combined effects of supercharging and disulfide-bond reduction for increasing protein charge states. 62 Increased charging should lead to an increase in ion dissociation efficiency, especially for proteins constrained by disulfide bonds. 53, 60, 63 Conclusions UPLC/EC/DESI-MS is a powerful tool for the structural elucidation of different types of proteins/peptides that contain disulfide bonds. This method can identify peptides that contain disulfide bonds in enzymatic digest mixtures. After UPLC separation, the reduced linear peptide chains can be assigned to their precursors and sequenced. Based on the MS/MS analysis, sequencing the peptides and pinpointing the disulfide linkages are possible. Both electrolysis treatment and online supercharging reactive-DESI experiments can be used to increase charges for the proteins carrying disulfide bonds (e.g., a-lactalbumin). As disulfide bonds play an important role in protein conformation and function, this UPLC/ CE/DESI-MS method will have valuable utility in proteomics research.
